The quality of fit of a trans-tibial patellar tendon bearing (PTB) socket may be influenced by consistency in casting, rectification or alignment.
Introduction
The quality of prosthetic socket fit in general, is of principal importance to successful rehabilitation. A theoretical basis of trans-tibial socket shape, in relation to stump characteristics, was developed by Radcliffe and Foort (1961) and later refined by Klasson (1995) . There is limited evidence based research to validate these theories.
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In order to discuss the quality of fit of a socket we must be aware of the three influencing factors: casting, modification and alignment. The lack of repeatability of modification has been investigated by Sidles et al, (1989) and Yildirim and Ostrander (1998) .
The position of the prosthetic socket in relation to the foot, the "prosthetic alignment" is of crucial importance because, "misalignment" adversely affects the pressure distribution between the prosthesis and the stump and will influence the gait pattern (Burnfield et al., 1999; Pearson et al, 1973; Appoldt and Bennett et al, 1967; Sanders et al, 1992; Sanders and Daly et al, 1999; Cox et al, 1992; Andres and Stimmel, 1990 .) Casting consistency, and subsequent socket shape, has not previously been quantified. This paper will report on the casting consistency of hands-on and hands-off casting concepts using a manikin stump model.
The establishment of a reference grid in relation to the tibia is of fundamental importance to be able to quantify casting variations. The problem was how to transfer a reference grid from the bone to a cast (negative) and from that cast to a plaster model (positive).
For this study the following steps were taken:
(1) the development of a manikin model with a transferable reference grid in the form of an abutment/adapter configuration (bone to cast); (2) The development of a transfer rig, where the reference grid is transferred to a hexagonal holding pole. This pole is required for surface scanning purposes to quantify casting variations (cast to model). This paper reports on an extensive investigation on casting consistency aimed at establishing the criteria of good quality socket fit.
Methodology

Manikin stump model
A purpose designed stump model comprising an anatomically correct skeleton, soft tissue in the form of gel and a silicone skin was developed and manufactured as shown in Figure  1 . The required reference system is achieved by an abutment device inserted in the tibia shaft and protruding out of the "skin" together with a reference transfer adapter. The protruding part of the abutment is designed in such a fashion that the transfer adapter can only fit over the abutment in one way.
The accuracy of the abutment/adapter connection was verified prior to the insertion of the abutment device into the tibia shaft of the manikin model. The abutment was placed into a clamping device and the adapter was positioned. The position of the adapter was measured with a digital measurement gauge with an accuracy of 0.001mm. This was repeated 10 times. 
Data-capturing and reference grid transfer protocol
The data-capturing method taught and practised at the National Centre for Training and Education in Prosthetics and Orthotics (NCTEPO) University of Strathclyde, with the aim of producing a PTB type of prosthetic socket, was used for the hands-on concept. This method is described in detail in the "trans-tibial prosthetics" manual distributed by the NCTEPO (2002) . For the hands-off concept the ICECAST Compact® pressure casting device developed by the Ossur Company was utilised (Carlsson and Hirons, 1997) . This method involves the placement of the stump in a flexible external loading device as shown in Figure 2 . No direct influence of the prosthetist is required other than to determine the pressure level and no modifications to the positive model are made. Both concepts were used by a single experienced prosthetist.
The manikin was positioned in a typical casting position. The reference adapter was placed on the stump abutment and fixed accordingly. Plaster bandage was applied over the stump model and transfer adapter. After curing of the plaster, the cast and embedded transfer adapter were separated from the manikin without disturbing the established reference in relation to the tibia.
The plaster models were formed using the same quantities of plaster and water and the same individual poured the mixtures. The plaster models were dried as standard practice and coded. Five (5) casts were produced for each of the concepts, 10 in total.
The cast embedded adapter was placed in the transfer rig and the hexagonal pole was inserted in the rig's clamping jig, as shown in Figure 3 . The transfer ri.g permits placement of the hexagonal poles required for the scanning set-up described later in this paper. The accuracy of this transfer process was verified by: 1) placing a hexagonal pole 10 times into the clamping jig. The position of the pole was measured with the digital measurement gauge; 2) the consistency of the placement of the adapter and cast in the rig was verified by positioning the adapter into the rig 10 times and measuring its position with the measurement gauge. 
Data acquisition
The data acquisition hardware and software consisted of:
(a) a programmable computer numerically controlled (CNC) Deckel FP4NC milling machine with an accuracy of 0.001mm; (b) a digital measurement gauge with an accuracy of 0.001mm; (c) a data acquisition software programme. Figure 4 illustrates the CNC machine. The accuracy of the machine was verified by attaching a needle pointer to the drive chuck and a similar needle pointer to the turntable chuck. With both needles exactly aligned the system was zeroed. Both the turntable and the drive were moved in random directions and then instructed to return to the reference zero position. Figure 5 illustrates the positive plaster model positioned with the hexagonal pole in the turntable chuck of the CNC milling machine. A pre-programmed routine, allowed point data collection at 5° intervals for a single 360°c ircumferential scan (72 points per revolution). This was repeated at 13 axial levels with 10mm spacing, resulting in 936 radial measurements for a single model scan, (data acquisition software limitation n=1000). The 13 level scan was performed on the surface of the plaster model in a region where there was significant interference during the casting procedure as result of the hand position and subsequent soft tissue manipulation during curing of the plaster, as shown in Figure 6 .
The casting consistency of each concept was assessed from the standard deviation (SD) of the radial measurements of the 10 models at 72 circumferential locations at each of the 13 predetermined axial levels.
Results
The abutment/adapter set-up was validated for accuracy and was found to be in the order of ± 0.15mm.
The transfer rig allows placement of a hexagonal holding pole to an accuracy of ± 0.10mm.
The adapter can be positioned on the transfer rig with an accuracy of ± 0.1 mm.
The calibration test on the CNC machine indicated that the tips of the needles consistently touched irrespective of the direction from which they approached each other.
The standard deviation was calculated at each of the 72 circumferential locations for all 13 levels. From those results the minimum, 
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Graph 1 Statistical comparison of the average variance of the hand-on and hands-off data, using a 5% level of significance, indicated that the data was significantly different.
In order to highlight the variations between the studied concepts in a different fashion, scanned radial dimension at each of the 72 circumferential locations of the 5 hands-on and 5 hands-off plaster models was averaged. Graph 1 illustrates the average data at all 13 levels. The hands-off method illustrated a relatively constant pattern with a maximum variation of approximately 1.4 mm. The hands-on method illustrated a similar pattern but with maximum variation peaks of approximately 2.4 mm until level 6. However, from level 7 to level 13 variations increased with maximum levels up to approximately 5 mm.
To accentuate where inconsistencies occur in relation to topographical areas on the stump, radial results are represented at two levels only. Graphs 2 and 3 demonstrate the circumferential variation of the average standard deviation at levels 2 and 11 respectively.
Graphs 2 and 3 identify the anterior, posterior, medial and lateral circumferential zones. It can be seen that the greatest variation for the handson method is to be found at the posterior region. This was common for all 13 levels. It was found that the biggest variation for the hands-off concept was mostly located in the lateral region of the casts.
Discussion
The adopted method of transferring the required reference grid from the tibia to the plaster cast (negative) and from the cast to the plaster model (positive) indicated an adequate level of accuracy.
The calibration of the Deckel CNC machine indicated a high level of accuracy confirming that the equipment is ideal for determining subtle changes in the shape of plaster models. The results of the minimum, maximum and average SD of the two concepts (Tables 1 and 2) indicate that the average SD of the hands-on concept is approximately double that of the hands-off concept.
Statistical analysis indicates that the datacapturing performance of a prosthetist is more consistent when a hands-off method such as the ICECAST compact® concept is employed. The manikin model has provided a unique opportunity to study casting consistency in a controlled environment. The findings of this pilot study have encouraged further studies to investigate casting methods for the trans-tibial amputee group with the aid of magnetic resonance imaging (MRI) technology. MRI may be used to establish the required reference grid in relation to the skeletal structure of a transtibial amputee population. Future studies should increase the number of prosthetists and casting concepts to determine whether the results presented are typical.
It could be argued that a consistent socket shape may reduce the subsequent variability of prosthetic alignment. The net effect may be an improved quality of socket fit. Once the influence of each stage of shaping a socket can be quantified then a review of alternative techniques can be carried out to minimise possible socket variability.
It is recognised by the authors that the manikin stump model has its limitations. Those limitations could be expressed as the inability to simulate the mechanical characteristics of the soft tissues and its behaviour during deformation. However, the manikin was developed to explore the manual dexterity of a prosthetist using 2 distinctly different casting methods in a controlled environment.
The physical limitations of the manikin model may affect the results of this study but to what extent is not quantifiable. As a direct result it is suggested to extend this study by using MRI technology and real subjects to explore whether the results of this pilot study are typical.
Conclusion
This study has shown that the investigated hands-off concept produces more consistent results than the hands-on concept using the manikin model.
